IMPORTANCE Carbapenem-resistant Enterobacteriaceae (CRE) producing the New Delhi metallo-β-lactamase (NDM) are rare in the United States, but have the potential to add to the increasing CRE burden. Previous NDM-producing CRE clusters have been attributed to person-to-person transmission in health care facilities.
C arbapenem-resistant Enterobacteriaceae (CRE) are multidrug-resistant organisms isolated predominantly from patients with exposures in health care facilities. Carbapenem-resistant Enterobacteriaceae are a public health concern bec ause treatment options are limited and invasive infections are associated with high mortality. The proportion of Enterobacteriaceae that are resistant to carbapenems has quadrupled in the past decade; however, these organisms still remain an uncommon cause of health care-associated infections in most parts of the United States. 1 Understanding transmission and preventing further spread of CRE is a public health priority. [1] [2] [3] Although several mechanisms can lead to carbapenem resistance, much of the increase in CRE since 2001 has been driven by the spread of carbapenemase-producing CRE, particularly those producing Klebsiella pneumoniae carbapenemase (KPC). 2 The New Delhi metallo-β-lactamase (NDM) is a carbapenemase that has been infrequently reported in the United States. However, NDM-producing CRE have the potential to add substantially to the total CRE burden. Identification of even a single isolate of NDM-producing CRE has prompted investigation by the Centers for Disease Control and Prevention (CDC) and state and local health departments to prevent transmission.
In March 2013, NDM-producing Escherichia coli was identified in a 650-bed teaching and referral hospital in northeastern Illinois from a urine culture obtained from a hospitalized patient with no international travel history. Between March 2013 and July 2013, 6 additional patients with a history of admission to this hospital had positive clinical cultures for NDM-producing E coli. In August 2013, we launched an investigation to identify the source and prevent further NDMproducing CRE transmission. A brief notification of the outbreak has been published. 4 This report provides an in-depth review of the investigation and the factors contributing to the CRE transmission.
Methods
The activities involved in this investigation were reviewed by the Science Office of the National Center for Emerging and Zoonotic Infectious Diseases (CDC) and were determined to constitute an urgent public health response that did not require submission to the institutional review board.
Case Definition
A case was defined as an NDM-producing E coli isolate with greater than 85% similarity by pulsed-field gel electrophoresis (PFGE) to the outbreak strain, recovered from a patient in northeastern Illinois and confirmed by the CDC between January 1, 2013, and December 31, 2013.
Field Investigation
Initial Case Finding and Case Description Suspected NDM-producing CRE isolates were initially identified by a clinical laboratory in Illinois that performed screening among CRE isolates for metallo-β-lactamase (MBL) production using carbapenem disks with and without inhibitors (Rosco Diagnostica). 5 Isolates with positive results for MBL were sent to the CDC for confirmation using polymerase chain reaction. After the identification of the initial case patients from clinical cultures, the hospital performed CRE rectal screening cultures on the patients' roommates who were still hospitalized and on patients admitted to the ward where the first patient was treated. For case patients who had been discharged, the local health departments performed CRE rectal screening on epidemiologically linked patients (eg, roommates either from a long-term care facility or during initial hospitalization). Rectal screening cultures were plated to CHROMagar (HardyCHROM Carbapenemase Agar). Identification and antimicrobial susceptibilities were performed on gramnegative colonies. Screening for MBL production was performed as described above. Electronic medical records were reviewed and abstracted, and details of patient movement within and among local health care facilities during the preceding 8 months were recorded.
Case-Control Study
To identify risk factors for NDM-producing CRE carriage, a casecontrol study was conducted using all case patients identified from January 2013 to July 2013 with any history of admission to the hospital. To minimize misclassification among control patients, 27 unmatched control patients were randomly selected from the 131 patients in the hospital's inpatient rehabilitation ward (where CRE screening had occurred) with negative CRE rectal screening cultures during May 2013. Controls were further restricted to patients with (1) a nonelective admission to the hospital immediately prior to admission to the rehabilitation ward and (2) a minimum 5-day length of stay at the hospital.
Infection Control and Environmental Assessment
Interviews were conducted with health care personnel at the hospital. A medical record review revealed that a history of endoscopic retrograde cholangiopancreatography (ERCP) procedures involving the use of a duodenoscope was common among initial cases. Duodenoscope reprocessing procedures were reviewed by the field team and by the manufacturers of the duodenoscope and the automated endoscope reprocessor. Environmental cultures were collected from duodenoscopes, the endoscopy reprocessing area, and procedure rooms.
Duodenoscope Investigation
A subsequent investigation was conducted from August 2013 through December 2013 focusing on duodenoscope exposure as a source of CRE transmission.
Additional Case Finding
Beginning in August 2013, the hospital notified all 226 living patients who underwent a procedure with any duodeno-Cohort Study A cohort analysis was conducted among patients with a history of exposure to 1 duodenoscope (duodenoscope A) to assess whether procedure-specific exposures were associated with an increased risk of NDM transmission. Data were collected from medical and procedure records for patients who either returned for screening cultures or previously had been identified as case patients from January 1, 2013, through June 21, 2013.
Laboratory Analysis
Environmental surface samples were collected using premoistened sponge wipes, which were then extracted in phosphate buffer saline containing polysorbate 80. The biopsy channel of duodenoscope A was cultured using the flush-brush-flush method. 6, 7 The channels were flushed with tryptic soy broth and brushed with a duodenoscope cleaning brush; the broth was then collected at the distal end. The distal tip of the duodenoscope, including the elevator mechanism, was submerged in tryptic soy broth and scrubbed with a duodenoscope cleaning brush and subject to mechanical vibration (or sonication). Sponge wipes and duodenoscope extracts were concentrated by centrifugation. All overnight cultures and extracts were either plated onto blood and MacConkey agar plates or submerged in tryptic soy broth for overnight enrichment at 35°C. Characterization of the carbapenem resistance mechanism was performed using a multiplex real-time polymerase chain reaction assay that detects both the genes for NDM and KPC. 8 Pulsed-field gel electrophoresis was performed as previously described for E coli using XbaI for single-enzyme digestion of DNA and electrophoresis for 21 hours with switch times of 5 and 40 seconds. 9 The PFGE patterns were analyzed using BioNumerics software (Applied Maths). Similarity of patterns was based upon Dice coefficients and a dendrogram was built using the unweighted pairing method. 10 
Statistical Analyses
All statistical analyses were conducted using SAS software, version 9.3 (SAS Institute), or OpenEpi, version 2.3.1 (www.OpenEpi .com). Bivariable logistic regression was used to obtain odds ratios and 95% CIs for the association between case status and each of the exposures; a 2-sided α level of .05 was used for significance. For calculation of odds ratios involving cells with 0 observations, the 0.5 zero-cell correction was applied. For the cohort analysis, risk ratios and 95% CIs were calculated for the association between duodenoscope exposure variables and case status; a 2-sided α level of .05 was used for significance.
Results

Field Investigation
Initial Case Finding and Case Description Figure 1 illustrates the suspected transmission pathways of NDM-producing E coli among case patients. During the field investigation, 9 case patients were identified (January 2013 through July 2013), including 7 from clinical culture at the hospital, 1 from clinical culture at another health care facility, and 1 from a rectal screening culture at the hospital (case patients C1-C8, S28). Eight (C1-C7, S28) of the 9 case patients were treated at the hospital during this time frame, and 1 of the 9 (C8) had been the roommate, at another facility, of a patient who had been at the hospital during the outbreak; none had a history of international travel. In the hospital, epidemiological tracing of the 8 case patients treated at the hospital revealed no temporal overlap of patient rooms or wards. Six of 8 case patients (C1-C6) who were treated at the hospital (75%) had an ERCP at that facility. Four of these 6 case patients (C1-C4) were exposed to duodenoscope A only, 1 case patient (C6) was exposed to a second duodenoscope (duodenoscope B) only, and 1 case patient (C5) had been exposed to both duodenoscope A and duodenoscope B. Among the 3 case patients (C7, C8, S28) who did not have a procedure with a duodenoscope at the hospital; all were either linked (ie, roommate at another facility) to a known case or were admitted to the hospital during the outbreak. Two of the 8 case patients (C1, C2) with clinical cultures died during their hospitalization but their deaths did not appear related to the CRE infection. No additional case patients were identified through screening of 131 patients admitted to the rehabilitation ward.
Case-Control Analysis
Of the 9 case patients identified during the initial field investigation, 8 were treated at the hospital; these 8 case patients and 27 control patients from this hospital were included in the case-control study. These groups had similar demographic characteristics; however, the length of hospital admission was significantly longer for control patients ( Table 1) . On bivariable analysis, case status was significantly associated with history of ERCP, magnetic resonance cholangiopancreatography, and antibiotic use in the past 3 months ( Table 2) . Eighty-three percent (5 of 6 patients) of patients who had a history of ERCP had also undergone magnetic resonance cholangiopancreatography.
Infection Control Practices and Environmental Assessment
An infection prevention assessment that focused on duodenoscope reprocessing was conducted. No breaches were identified in the reprocessing of duodenoscopes at the hospital. Manufacturer-recommended procedures were followed in all 6 steps of the process: (1) precleaning, (2) manual cleaning, (3) high-level disinfection using an automated endoscope reprocessor, (4) rinsing, (5) drying, and (6) storage. The automated endoscope reprocessor was evaluated by the manufacturer and found to be functioning correctly. The hospital used an enzymatic cleaner and high-level disinfectant, ortho-phthalaldehyde, that were not included on the duodenoscope manufacturer's list of known compatible agents (ie, they had not been specifically tested by the manufacturer). The enzymatic cleaner is a standard product used for reprocessing, and the highlevel disinfectant is listed by the US Food and Drug Administration as identical to a product on the duodenoscope manu-cleaning brushes, although not the brand recommended by the duodenoscope manufacturer. The duodenoscopes used by the hospital ranged in age from less than 1 month to several years old. Duodenoscope A was first acquired by the hospital in 2009. In 2013, the hospital performed 315 ERCPs. A review of gastroenterology laboratory records showed that the hospital adhered to the manufacturer's duodenoscope service schedule. The make and model of the duodenoscope and automated endoscope reprocessor were compatible for use according to both manufacturers. and are ordered by date of endoscopic retrograde cholangiopancreatography procedure (if applicable). Thirteen case patients had exposure to more than 1 duodenoscope prior to their NDM-positive sample collection date (2 had exposure to >1 duodenoscope associated with the outbreak [C5 and S21]; 11 had exposure to 1 outbreak-associated duodenoscope and to duodenoscopes not associated with the outbreak). Case patients with >1 duodenoscope exposure are included with the patient notification group in which they were first identified.
Duodenoscope Investigation Additional Case Finding: Clinical Case Patients
In addition to the 9 case patients identified in the field investigation, 2 case patients (C9, C10) were identified from clinical cultures in September 2013; both had a history of exposure to a third duodenoscope only (duodenoscope C; Figure 1 ). They were both alive at the time of hospital discharge.
Additional Case Finding: Surveillance Case Patients
From August 2013 through October 2013, the facility notified the 226 living patients who were exposed to any duodenoscope (156 exposed to duodenoscopes A, B, or C; 70 exposed to other duodenoscopes); 102 returned for screening. Twentyseven additional case patients were identified; all were exposed to duodenoscopes A, B, or C (Figure 1 ). Blood-borne pathogen testing was negative for all patients. Of note, the first known case patients associated with duodenoscopes B (C5) and C (S21) had been previously exposed to duodenoscope A, potentially explaining the route of cross-contamination for duodenoscopes B and C (Figure 1) .
A final case patient (S29) was identified through screening of long-term care facility roommates of known case patients bringing the total to 39 case patients identified. This includes 9 from the initial field investigation (January 2013 -July 2013), 2 from clinical cultures in September 2013, 27 from screening cultures of patients exposed to duodenoscopes, and 1 from screening of long-term care facility roommates. Of the 39 case patients, 35 had duodenoscope exposure ( Table 3) .
Cohort Analysis
Of the 99 patients exposed to duodenoscope A from January 1, 2013, through June 21, 2013 (the date the duodenoscope was permanently removed from service), the 55 patients that had been tested through screening or clinical culture by December 2013 were included in the cohort analysis ( 
Infection Prevention
During October 2013, the hospital changed its duodenoscope reprocessing procedure from automated high-level disinfection to gas sterilization with ethylene oxide. Additionally, the f Calculations performed with a 0.5 correction for zero-cells.
g Timeframe for exposure to any antibiotics was within 3 months prior to procedure (for case patients) and screening culture collection date (for control patients). h The lower 95% CI for antibiotic exposure was 1.03 but was rounded to 1.0 in the table.
Laboratory Analysis
Isolates from all 39 case patients were sent to the CDC for identification and characterization; all were identified as E coli with bla NDM present. Case patient isolates and the isolate recovered from duodenoscope A were highly related (>92%) by PFGE ( Figure 2 ).
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NDM-producing E coli and KPC-producing K pneumoniae were the only bacteria recovered from the terminal part of the reprocessed duodenoscope A (around the enclosed elevator mechanism) in August 2013, nearly 2 months following last use. Other Enterobacteriaceae were not recovered from any other environmental or duodenoscope samples.
Discussion
To our knowledge, this report describes the largest known cluster of NDM-producing E coli in the United States to date; apparent transmission was associated with exposure to duodenoscopes. The large number of exposed patients that ultimately had NDM-producing CRE isolated from clinical or screening cultures suggests that duodenoscopes were an efficient source of transmission. Unlike previously reported outbreaks of bacterial transmission related to these devices, there were no reprocessing breaches or duodenoscope defects identified. The complicated design of duodenoscopes makes cleaning difficult. It appears that these devices have the potential to remain contaminated with pathogenic bacteria even after recommended reprocessing is performed.
Difficulties with duodenoscope reprocessing and the potential for bacterial contamination and transmission of infectious agents have been well documented. However, previous reports of bacterial transmission via duodenoscopes involved lapses in infection control, reprocessing deficiencies, or a detectable device defect. [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] In contrast with other endoscopes, duodenoscopes have an additional channel (elevator channel) that allows for the use and manipulation of a guide wire. At the terminal end of the elevator channel is a mechanical piece containing a cantilevered elevator mechanism; the intricate design surrounding the elevator mechanism makes accessing all surfaces during manual cleaning difficult. In addition, older models of duodenoscopes with an open elevator wire channel may not be adequately reprocessed in an automated endoscope reprocessor, and manual flushing may be required. 21 To address the issue, newer duodenoscope models, like the one in the investigation, have an enclosed elevator wire channel that is not exposed to patient material and does not require manual flushing. Review of duodenoscope A by the manufacturer did not identify defects or evidence that material had entered the enclosed channel that would have resulted in persistent contamination. Although sterilization is the definitive mechanism to eradicate all microorganisms during reprocessing, 27 high-level disinfection is typically used for duodenoscopes. Although C7  C3  C8  C5  C6  S6  S8  S23  S9  S18  S5  S13  S11  S17  S1  S2  S19  S16  S29  S14  Duodenoscope A  S28  C1  C2  S21  S4  S7  S24  S10  C4  S15  C9  S26  S27  S25  S22  C10  S3  S20  S12   94  95  96  97  98  99  100  93 92
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This figure provides the results of PFGE analysis for NDM-producing Escherichia coli isolates recovered from 39 case patients and duodenoscope A. All isolates have greater than 92% similarity by PFGE and are considered highly related. 26, 27 Another option for ensuring adequate duodenoscope reprocessing might be to conduct testing for residual contamination during reprocessing. Many international professional societies recommend periodic microbiological surveillance testing of duodenoscopes after full reprocessing. 28, 29 In addition to cultures, the use of adenosine triphosphate bioluminescence assays after manual cleaning has been used to detect the presence of persistent organic material following duodenoscope cleaning. 30, 31 Although nonculture methods using adenosine triphosphate might be faster than culture, more work is needed to validate these methods before they can be widely recommended. This cluster also demonstrates the challenge associated with identifying and controlling the spread of novel carbapenemases. Although all carbapenemase-producing CRE are epidemiologically important, special attention is afforded to novel carbapenemases, like NDM, to prevent the emergence of these organisms that are rarely identified in the United States. However, at this time, few laboratories regularly perform CRE resistance mechanism testing and are therefore unable to differentiate organisms producing novel carbapenemases from those producing KPC, which is the most common CRE carbapenemase in this region. 3, 32 The initial cluster of NDM-producing organisms was identified in part because the laboratory serving the hospital performed specialized CRE resistance mechanism testing. Prospectively, improving detection and prevention of CRE will require enhancing laboratory capacities. Efforts to control dissemination of these organisms will also require a strengthened public health infrastructure. State and local health departments should be capable of responding to CRE in their region to ensure implementation of appropriate infection control practices, improved communication among facilities upon patient transfer, and coordination of infection prevention efforts at regional and state levels. 33 In addition, the case-control study identified recent antibiotic use was a risk factor for case status, consistent with previous studies. 34 -36 Receipt of antibiotics might alter the gastrointestinal flora and facilitate CRE colonization. This finding highlights the fundamental role of antimicrobial stewardship in CRE prevention. There are several limitations to this investigation. Although all patients with duodenoscope exposure were notified, only half returned for screening cultures. Duodenoscope reprocessing was reviewed by the field team after the majority of case patients had been exposed, so we cannot comment on practices that might have occurred prior to this. However, reprocessing was reviewed by several groups prior to the field investigation and at least 2 case patients had duodenoscope exposure after our assessment, suggesting observations during the field investigation likely represented actual hospital practice. Due to the small number of cases, multivariable analyses were not conducted in the case-control and cohort evaluations; these evaluations do not assess independent associations. Finally, the controls were selected during an urgent public health response from a group of patients already known to be CRE-negative (rehabilitation ward). Although this control group may not have been ideal, we did not identify significant differences between cases and controls with respect to demographic characteristics and severity of illness. The controls may not have had equal opportunity for exposure to ERCP compared with cases, which may have biased this analysis.
Conclusions
In this investigation, exposure to duodenoscopes with bacterial contamination was associated with apparent transmission of NDM-producing E coli among patients at 1 hospital. Bacterial contamination of duodenoscopes appeared to persist despite the absence of recognized reprocessing lapses. Facilities should be aware of the potential for transmission of antimicrobial-resistant organisms via this route and should conduct regular reviews of their duodenoscope reprocessing procedures to ensure optimal manual cleaning and disinfection.
